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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
This work is focused on the experimental determination of the stress intensity factor (SIF) using thermoelastic stress analysis 
(TSA) for a compact tension specimen during a fatigue crack growth test. A comparison of the stress field obtained with 
computational modelling, finite element method, against the experimental data obtained with the thermoelastic stress analysis under 
mode I loading in a fatigue test is presented. The stress field in front of the crack tip obtained with TSA, was used in William’s 
expansion, together with an overdetermined algorithm to calculate the SIF under mode I loading. The proposed methodology has 
a hybrid experimental-numerical nature where the stress intensity factor determination depends on a stress field obtained with an 
optical technique, TSA. The soundness of the experimentally obtained SIF solution was validated through finite element method 
computations. 
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1. Introduction  
 
The ability to tolerate a substantial amount of damage is a demand for contemporary structures, hence it has become 
increasingly important to enhance methodologies to anticipate failure in fatigue damaged components. Damage 
tolerance analyses can be carried out within linear elastic fracture mechanics (LEFM) concepts where the stress 
intensity factor (SIF) plays a substantial role. Fracture mechanics in conjunction with crack growth laws, i.e. Paris’ 
law, is commonly employed to nalyz  and predict crack growth and fracture behavior of structural components. To 
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study crack growth and evaluate the remaining life of a certain structural component, rigorous numerical analyses 
have to be performed to evaluate SIFs. 
The objective of this paper is to experimentally measure accurate SIF solutions for a cracked compact tension (CT) 
specimen using TSA method. In order to evaluate the SIF, new computational tools, for determining the stress data 
using optical techniques, were developed in recent times, for digital image correlation method, see [Tavares et al. 
(2015); McNeill et al. (1987)]. Using the experimental data in conjunction with an overdeterministic approach, 
Pastrama et al. (2008), the SIF is experimentally determined, and a computational verification will be conducted. This 
overdeterministic methodology was previously used in fracture mechanics to process photoelastic data in experimental 
evaluation of SIFs, Sanford and Dally (1979). When compared with other procedures, the overdeterministic approach 
has the advantage of using an unlimited number of data points. As a result, errors can be minimized and the accuracy 
of the calculations increased. 
Fatigue damage is intimately related with plastic deformation and heat dissipation, which affect the temperature of 
the materials. Advanced infrared (IR) cameras have been used to process the local varying temperature component 
and therefore the thermoelastic effect rather than the overall temperature field, as in classical thermographic 
measurements. Usually no special sample treatment is necessary for TSA and thus the measurement technique does 
not require a long preparation time. 
Thermoelastic stress analysis is a recent optical technique to analyse the stress field in engineering areas, based on 
the thermoelastic effects, Thomson (2009). Basically, TSA is categorized as a non-contacting method to evaluate the 
stress field at the loaded structures. As this work demonstrates, the TSA method can be employed to determine the 
SIF under mode I loading fatigue testing.  
The early work by Rocca et al. (1950) adopted TSA method in non-linear thermoelastic effects for Iron and Nickel, 
they found out that the stress might influence the specific heat and thermal expansion coefficient. Later on, Dillon 
(1962) generalized the non-linear thermoelasticity equations within the deviatoric components of strain, where the 
non-linearity of stress-strain was considered instead of geometry non-linearity. This theory was developed for 
isotropic materials in cyclic plasticity and high-temperature stress and residual stress analyses by Enke (1989). Also 
Stanley et al. (1985) carried out a research on the stress analysis in relation with the thermoelastic effects by. They 
verified the validity of the thermoelastic stress fundamentals with the experimental tests within the theoretical 
formulations which are considered significantly in this work. Moreover, a proper review of the TSA has been made 
by Everett (1989) to compare the obtained stress measurements with the other experimental approaches.  
 Subsequently, the theory of the thermoelastic stress analysis was applied for SIF determination through stress 
field analysis at the crack tip. It was initially focused on mode I fatigue testing and then developed to mixed mode 
case, Tomlinson et al. (1999). Dulieu-Barton (1999) formulated the essential mathematical equations to evaluate the 
SIF range related to the temperature change for isotropic homogenous materials under plane stress state. She assessed 
the corresponding equations for non-adiabatic behaviour where the thermal conductivity of the material can be 
considered as null or there is no stress gradient in the specimen.   
Other researchers carried out interesting works based on the TSA analysis in different areas such as fatigue damage 
assessment see e.g. [Díaz et al. (2004); Emery and Dulieu-Barton (2010)], SIF calculation for orthotropic composites 
by He and Rowlands (2004), fatigue predication and stress measurement through lock-in thermography by Kim et al. 
(2006), CCD analysis of crack propagation in aluminium friction stir welded joints conducted by Cavaliere et al. 
(2009) and motion compensation for complex deformations by Dulieu-Barton et al. (2015). 
Thermoelastic data can be successfully used to analyse principal stresses and principal strains on a specimen’s 
surface and the crack growth rate by [Cavaliere et al. (2008); Cavaliere et al. (2009)]. In this work, an improvement 
in TSA methodology to evaluate the fatigue crack growth and determine the stress intensity factor range from 
thermoelastic data for a CT fracture specimen is presented. 
 
 
2. Analysis 
 
A CT specimen was chosen for cyclic fatigue crack growth, aiming at SIF evaluation for different crack sizes. It 
is a single edge-notch specimen loaded under tensile state. In accordance with the ASTM E647 International (2015) 
(Standard Test Method for Measurement of Fatigue Crack Growth Rates), the analytical SIF range caluction for a CT 
specimen is given by: 
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study crack growth and evaluate the remaining life of a certain structural component, rigorous numerical analyses 
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formulations which are considered significantly in this work. Moreover, a proper review of the TSA has been made 
by Everett (1989) to compare the obtained stress measurements with the other experimental approaches.  
 Subsequently, the theory of the thermoelastic stress analysis was applied for SIF determination through stress 
field analysis at the crack tip. It was initially focused on mode I fatigue testing and then developed to mixed mode 
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(2006), CCD analysis of crack propagation in aluminium friction stir welded joints conducted by Cavaliere et al. 
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Thermoelastic data can be successfully used to analyse principal stresses and principal strains on a specimen’s 
surface and the crack growth rate by [Cavaliere et al. (2008); Cavaliere et al. (2009)]. In this work, an improvement 
in TSA methodology to evaluate the fatigue crack growth and determine the stress intensity factor range from 
thermoelastic data for a CT fracture specimen is presented. 
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A CT specimen was chosen for cyclic fatigue crack growth, aiming at SIF evaluation for different crack sizes. It 
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where �� � ���� � ����	is the load range,	�	is the width of the specimen,	�	is the thickness and considering a as the crack size, � � ��� � ���. The aforementioned relations are true for the material with linear elastic, isotropic 
and homogeneous behaviour. The initial crack size and maximum crack extension have been determined where the 
uncracked ligament (W-a) was greater than the maximum acceptable SIF. The anticipated �� from Equation (1) for 
any crack growth stage was used to validate the experimental and computational finite element method (FEM) model. 
The stress field obtained from FEM analysis was compared to the experimental TSA solution, an acceptable agreement 
between all results was obtained confirming the validity of the chosen methodology.  
In order to compute SIF via TSA data, a numerical algorithm was defined to process the stress field extracted from 
TSA software. This function joins the overdeterministic SIF calculation algorithm and the stress computation based 
on the principal stresses in the vicinity of a straight front crack under mode I conditions. For the plane problem of a 
homogeneous isotropic solid, William’s series for plane stress state were used as demonstrated in the following 
equations where the significance of �� is presented in Equation (2-5), Sakaue et al. (2008). 
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3. Results and Discussion 
  
An aluminum alloy AA6082-T6 pre-cracked compact tension specimen was used, having the dimensions,            
� � ��	����  and thickness � � � ��⁄ � �	���� . The material properties were used as: Young’s modulus           
� � ��	����� and Poisson’s ratio � � ����� The selected geometrical properties provided accurate measurements for 
the experimental TSA test. A standard drawing of a CT specimen with the geometric characteristics is shown in          
Fig. 1, being P the applied load. 
  
Fig. 1. The CT specimen used in the experimental test. 
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A thermographic camera was used to acquire the stress data on the crack area. The TSA camera was positioned in 
front of the specimen with a horizontal distance of l = 400 (mm) with a frequency 4 times greater than the test system, 
(refer to                                Table 1) ���� = 60 (��). Assuming �� � ���� � ����,	���������� � �� 2⁄ , ����� �
����� � ����� 2⁄  and � � ���� ����⁄ , the loading characteristics are demonstrated in                                Table 1. 
                               Table 1: Test configuration. 
���� ���� � ���������� ����� � 
670	��� 67	��� 0.1 302	��� 380	��� 15	���� 
 
To prepare the CT specimen for TSA test, a black ink (Tetenal Kameralack) with a thermal emissivity ε = 0.97, 
was used to provide a surface with deep matt. The specimen was loaded by a servo-hydraulic material test system -
MTS- in mode I for opening the crack followed by a travelling microscope moving parallel to the intended specimen 
surface. After reaching 100,000 fatigue cycles when the minimum allowable crack size was � � 3	��, the stress 
field at eight crack lengths was captured. The obtained stress amplitude field, ����, for a set of four measurements 
can be seen in Fig. 2. 
								a = 12.94 (mm)                              a = 15.62 (mm)                            a = 19.60 (mm)                           a = 22.27 (mm)                 
Fig. 2. Stress amplitude profile for different crack growth stages obtained from TSA study (stress MPa). 
 
3.1 Stress Amplitude Definition  
Based on the theory proposed by Stanley et al. (1985) , the relationship between a small temperature change, (T, 
caused by the change in the stress state of a linear elastic, homogeneous material and the strain in the solid) could be 
derived in the following form: 
	 �� � ���� ∑
����
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�
���
	����� 															�� � � 1�2�3		 (6)
 
where � and T are the density and the absolute temperature of the material, respectively. Moreover, Q is the heat 
input, �� represents the specific heat at a constant strain, ��� and ��� are the stress and strain arrays. The stress-strain 
correlation, Dulieu-Barton (1999), for isotropic materials in plane stress state is written as; 
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3. Results and Discussion 
  
An aluminum alloy AA6082-T6 pre-cracked compact tension specimen was used, having the dimensions,            
� � ��	����  and thickness � � � ��⁄ � �	���� . The material properties were used as: Young’s modulus           
� � ��	����� and Poisson’s ratio � � ����� The selected geometrical properties provided accurate measurements for 
the experimental TSA test. A standard drawing of a CT specimen with the geometric characteristics is shown in          
Fig. 1, being P the applied load. 
  
Fig. 1. The CT specimen used in the experimental test. 
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A thermographic camera was used to acquire the stress data on the crack area. The TSA camera was positioned in 
front of the specimen with a horizontal distance of l = 400 (mm) with a frequency 4 times greater than the test system, 
(refer to                                Table 1) ���� = 60 (��). Assuming �� � ���� � ����,	���������� � �� 2⁄ , ����� �
����� � ����� 2⁄  and � � ���� ����⁄ , the loading characteristics are demonstrated in                                Table 1. 
                               Table 1: Test configuration. 
���� ���� � ���������� ����� � 
670	��� 67	��� 0.1 302	��� 380	��� 15	���� 
 
To prepare the CT specimen for TSA test, a black ink (Tetenal Kameralack) with a thermal emissivity ε = 0.97, 
was used to provide a surface with deep matt. The specimen was loaded by a servo-hydraulic material test system -
MTS- in mode I for opening the crack followed by a travelling microscope moving parallel to the intended specimen 
surface. After reaching 100,000 fatigue cycles when the minimum allowable crack size was � � 3	��, the stress 
field at eight crack lengths was captured. The obtained stress amplitude field, ����, for a set of four measurements 
can be seen in Fig. 2. 
								a = 12.94 (mm)                              a = 15.62 (mm)                            a = 19.60 (mm)                           a = 22.27 (mm)                 
Fig. 2. Stress amplitude profile for different crack growth stages obtained from TSA study (stress MPa). 
 
3.1 Stress Amplitude Definition  
Based on the theory proposed by Stanley et al. (1985) , the relationship between a small temperature change, (T, 
caused by the change in the stress state of a linear elastic, homogeneous material and the strain in the solid) could be 
derived in the following form: 
	 �� � ���� ∑
����
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�
���
	����� 															�� � � 1�2�3		 (6)
 
where � and T are the density and the absolute temperature of the material, respectively. Moreover, Q is the heat 
input, �� represents the specific heat at a constant strain, ��� and ��� are the stress and strain arrays. The stress-strain 
correlation, Dulieu-Barton (1999), for isotropic materials in plane stress state is written as; 
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2152 Behzad V. Farahani et al. / Procedia Structural Integrity 2 (2016) 2148–2155 Behzad V. Farahani et al./ Structural Integrity Procedia 00 (2016) 000–000  5 
where � and � present Young’s modulus and Poisson’s ratio, respectively. Moreover, the linear coefficient of 
thermal expansion of the material is identified as	�. Considering � and � independent on the temperature, Equation 
(6) can be written as follows, Dulieu-Barton (1999): 
 �� � ����
��
����� ∑ ���	�����      (10) 
��� being the change in strain. Using Hooke’s law, the following equation is derived providing the changes in ��� in terms of ��; 
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���
� �
����
������  (11) 
Substituting ��	by the specific heat at constant pressure ��: 
 �� � �� � ���
�
�����     (12) 
It could be simplified as: 
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	�����      (13) 
and the final expression: 
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  (14) 
where K is the thermoelastic constant, represented as ���� , the expression	��� � ��� is the stress magnitude derived 
from thermoelastic stress analysis and ��	� ��  are the stress components in principal directions. In addition, the manufacturer recommends to use thermoelastic coefficient for AA6082-T6 as � � ���� � ��������� . This 
coefficient should be applied in the calculation to convert the results from temperature fashion to stress form. 
Assuming �� � �� � ��� � ���, since the relevant stress measured experimentally is the stress amplitude	���� �
����� � �����/2, the conversion relation can be expressed as: 
	 ���� � ���� � ������� � 	 �������������� � �������������� 		 (15)
Forasmuch as the experimental test was performed under loading state for mode I equal to	����� � �����, the relation between the theoretical and experimental stress field could be obtained as follows: 
  	 ��� � ���	 � ���� ⟹ ��� � ��� � �������� 		 (16) 
Considering Equation (16), in order to evaluate the SIF for this case study, Equation (17) can be derived from a 
combination of Equations (2) and (3) with regard to Equation (5).  
	 �������� � 2∑ ���� ��� �
�
��� ���� ��� � �����							��� �
��
√��
���� 		    (17) 
The left side of this equation demonstrates the relevant stress obtained from TSA and FEM studies and the other 
side is a simplified form of William’s series. Seven terms were used in this expansion. Furthermore, � and � are the 
polar coordinates of the points associated to the crack tip.  
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3.2 Numerical Approach  
Considering the definition of the relevant amplitude stress field, Equation (16), in order to verify the experimental 
solution, the FEM model was simulated using an available commercial software, Abaqus, to evaluate the 
corresponding results such as SIF range, stress amplitude field and in particular the stress variation in front of the 
crack tip. Thus, it is possible to compare the obtained results with the experimental solution. Hence, an explicit model 
was considered in Abaqus where a 2D plane stress shell was applicable. Moreover, standard 4-node bilinear plane 
stress quadrilateral elements (CPS4R) were used to construct the mesh where the element size range is between 0.1 
and 0.5 millimetres with a total number of 40992 and 41423 elements and nodes, respectively, see Fig. 3. More refined 
elements were considered in the crack region where an intended region with a dimension of 7 by 7 millimetres was 
considered close to the crack tip as shown in Fig. 3. The material and geometric properties were used same as TSA 
case and the loading conditions were followed based on                                Table 1. 
                         
Fig. 3. FEM model and the intended area near the crack tip. 
 
Taking account into the mentioned stress assessment, it is reasonable to evaluate the stress amplitude profile for 
FEM analyses as shown in Fig. 4. In the FEM resolution, the SIF was evaluated for ten contours in front of the crack 
tip with the maximum energy release rate criterion. Furthermore, the variation of this stress in terms of distance from 
the crack tip was evolved for different crack growth stages in TSA and FEM analyses plotted in Fig. 5. 
Justifying the use of the obtained data and taking account into a total number of seven terms in William’s series, 
Equation (17), the SIF range results for eight crack lengths acquired for TSA, using the over-deterministic algorithm, 
and FEM analysis compared to the analytical solution are shown in                                                         Table 2.  
 
 
 
          a = 12.94 (mm)                                  a = 15.62 (mm)                                 a = 19.60 (mm)                                  a = 22.27 (mm)                 
Fig. 4. Stress amplitude profile for different crack growth stages obtained from FEM study (stress MPa). 
 Behzad V. Farahani et al. / Procedia Structural Integrity 2 (2016) 2148–2155 2153 Behzad V. Farahani et al./ Structural Integrity Procedia 00 (2016) 000–000  5 
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The left side of this equation demonstrates the relevant stress obtained from TSA and FEM studies and the other 
side is a simplified form of William’s series. Seven terms were used in this expansion. Furthermore, � and � are the 
polar coordinates of the points associated to the crack tip.  
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3.2 Numerical Approach  
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corresponding results such as SIF range, stress amplitude field and in particular the stress variation in front of the 
crack tip. Thus, it is possible to compare the obtained results with the experimental solution. Hence, an explicit model 
was considered in Abaqus where a 2D plane stress shell was applicable. Moreover, standard 4-node bilinear plane 
stress quadrilateral elements (CPS4R) were used to construct the mesh where the element size range is between 0.1 
and 0.5 millimetres with a total number of 40992 and 41423 elements and nodes, respectively, see Fig. 3. More refined 
elements were considered in the crack region where an intended region with a dimension of 7 by 7 millimetres was 
considered close to the crack tip as shown in Fig. 3. The material and geometric properties were used same as TSA 
case and the loading conditions were followed based on                                Table 1. 
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Fig. 5. Stress amplitude in front of the crack tip at the vertical line. 
 
                                                        Table 2: Stress intensity factor range, mode I loading, for compact tension specimen. 
Step �	 
���� 
������������	 
����������� 
�����	 ����������� 
�����	 ����������� 
Dev. % 
TSA & Analytical *  
Dev. % 
FEM & Analytical ** 
Dev. % 
FEM & TSA *** 
1 11.94 266.9 266.1 267.1 -0.32 0.07 -0.39 
2 12.94 284.7 292.9 281.4 2.88 -1.14 4.07 
3 13.44 294.0 326.7 290.9 11.14 -1.05 12.31 
4 15.62 338.4 375.6 330.0 10.98 -2.47 13.79 
5 17.66 388.2 341.8 374.3 -11.95 -3.58 -8.68 
6 19.60 446.6 407.1 428.8 -8.85 -3.99 -5.06 
7 20.67 485.3 409.2 462.6 -15.67 -4.67 -11.54 
8 22.27 554.6 530.0 527.6 -4.43 -4.87 0.46 
*  		������� � ������������� ������������� � ∗ 100									**		������� � ������������� ������������� � ∗ 100									***	������� � ������ �����⁄ � ∗ 100 
 
 
4. Conclusions 
This work focused on the experimental measurement of the stress intensity factor (SIF) for a compact tension 
specimen during a fatigue crack growth test. Results were analyzed by an optical technique called thermoelastic stress 
analysis –TSA– scanning the specimen surface during the fatigue test to measure the stress field on. Additionally, the 
model was resolved based on a computational approach, FEM, in Abaqus to verify the SIF, stress variation in front of 
the crack tip, stress amplitude field obtained from TSA. A satisfactory assessment has been accomplished for the 
measured stress field increasing the reliability in the optical stress measurement system. 
The chosen methodology was efficient and practical, and the success of the proposed model was attained. 
Moreover, the geometry and essential boundary conditions of the model were completely presented. The mentioned 
stress distributions were evaluated in the intended cracked region. The computational analysis produced encouraging 
results, verifying validity of the SIF and stress field with the experimental solution. The variation of the stress 
amplitude in front of the crack tip was evaluated for the supporting numerical approach and compared to the results 
derived by the optical technique. The results obtained with both techniques ascertain a satisfied agreement. In the TSA 
study, the SIF for mode I loading was obtained using an over deterministic numerical algorithm developed in a 
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numerical program, Matlab. The results were computed for distinct crack growth stages. A reasonable agreement 
between the theoretical solution presented by ASTM E647 and over-determined approach was reached. 
As a final remark, the numerical model produced acceptable results agreeing very well with the experimental and 
analytical solution. 
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numerical program, Matlab. The results were computed for distinct crack growth stages. A reasonable agreement 
between the theoretical solution presented by ASTM E647 and over-determined approach was reached. 
As a final remark, the numerical model produced acceptable results agreeing very well with the experimental and 
analytical solution. 
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